Ti-based ceramic coatings on Ti6Al4V substrates were successfully prepared through a laser cladding process using pre-placed starting materials of TiCN + SiO2 mixed powder without or with adding a 3 wt % CeO2 nanoparticles additive, aiming at improving the wear resistance of the Ti6Al4V alloy for biological applications. The effects of the CeO2 nanoparticles additive on the microstructure, microhardness, and wear performance of the coatings were analyzed in detail. The observations showed that the main compositions of the cladding coating were TiCN and TiN phase. Compared to the coatings without CeO2, the coatings modified with CeO2 nanoparticles led to more excellent mechanical properties. The average microhardness of the coatings modified with CeO2 nanoparticles was approximately 1230 HV0.2, and the wear volume loss of the coatings modified with CeO2 nanoparticles was approximately 14% less than that of the coatings without CeO2 under a simulated body fluid (SBF) lubrication environment. The major reasons included that the microstructure of the coatings modified with CeO2 nanoparticles was refined and compact granular crystalline. The wear mechanisms of the coatings were investigated from the worn surface of the coatings, wear debris, and the worn surface of the counter-body balls. The wear mechanisms of the coatings without CeO2 included abrasive wear, adhesive wear, and fatigue wear, while the wear mechanisms of the coatings modified with CeO2 nanoparticles included only abrasive wear and adhesive wear, because the fine microstructure of the coatings had an excellent resistance to fatigue wear.
Introduction
Titanium (Ti) alloys have superior mechanical properties, excellent corrosion resistance, and good biocompatibility [1, 2] , so they were widely used in different biomedical applications such as dental transplantation, bone implants, and artificial joint replacement [3, 4] . However, the applications of Ti alloys in biomedical areas have been restricted due to their poor hardness and insufficient wear resistance [5, 6] . To preserve the superior mechanical properties of Ti alloys' bulk and improve the hardness and wear resistance of their surface, surface modification is one of the methods often used. Surface modification techniques may include micro-arc oxidation [7] , ion implantation [8] , plasma spraying [9] , physical vapor deposition [10] , the sol-gel technique [11] , and plasma-assisted chemical vapor deposition [12] . In recent years, the laser cladding process (as an advanced and promising surface modification technique) has been used to prepare coatings to improve tribological property or medical biocompatibility of titanium alloys [13] . Coatings manufactured by laser cladding have a series of excellent characteristics, such as a finer microstructure, a thicker coating with low dilution, and a higher bonding strength interface. Ceramic materials are usually used in the biomedical field because of their high hardness and good biocompatibility. In order to fabricate a bioinert ceramic coating with high wear-resistant properties, a suitable cladding powder material system should be chosen well. In our previous study [14] , TiC powder was used as the principal cladding material to fabricate a bioinert coating. Compared to TiC, titanium carbonitride (TiCN) has better toughness, and TiCN has been reported to exhibit superior properties: High hardness, excellent wear and corrosion resistance, and good chemical stability that makes it useful in aggressive environments [15] [16] [17] . Therefore, TiCN is generally used as a strengthening phase in the fabrication of wear resistance coatings through the laser cladding process. For example, Hu et al. [18] prepared an Ni-based alloy composite coating reinforced by TiCN ceramic particles on mild steel through the laser cladding technique: The composite coating showed better wear resistance and higher hardness compared to the substrate. The results presented that the wear resistance of the coating was improved by the additive of 30% TiCN ceramic powder. However, metal-based coatings are susceptible to corrosion in a physiological environment, while ceramic coatings are more suitable as bioinert coatings due to their excellent corrosion resistance. Yang et al. [19] fabricated an in situ TiCN ceramic coating on a Ti6Al4V alloy through the laser cladding-laser nitriding technique (LC-LN). The results indicated that the microhardness of the coating (1300 HV) was approximately four times greater than that of the substrate. Therefore, TiCN powder was selected as a starting matrix material in our work to obtain bioinert ceramic coatings with excellent wear resistance through the laser cladding process.
In our previous investigation [14] , 20 wt % ZrO2 powder was added into a cladding material system to improve the mechanical properties of the TiC bioinert coating, such as toughness. Since TiCN has good mechanical properties, however, it is widely known that the flowability of ceramic powder is poor, which may cause agglomerate formation [20, 21] . Therefore, it is necessary to add another powder into the cladding material system to solve this problem. According to published reports, silicon dioxide (SiO2), as a low-temperature sintering liquid phase, could promote particle rearrangement and increase sintering densification [22, 23] . Singh et al. [24] have reported that silicon dioxide powder was taken as a liquid phase and sintered with 10%, 15%, and 20% by weight. It was found that there existed a liquid phase sintering phenomenon due to viscous flow and rearrangement of particles. Therefore, SiO2 powder was introduced into the cladding materials system in this work to improve the flowability of TiCN ceramic powder and to promote particle rearrangement during the laser cladding process.
In addition, previous investigations have shown that rare earth oxides such as ceria (CeO2) and yttria (Y2O3) have been used as effective additives to refine microstructure and improve wear resistance of the coatings [25] . Zhao et al. [26] have reported the effects of a CeO2 additive on the microstructure and corrosive wear behavior of a coating prepared through the laser cladding technique. The results showed that a coating modified with 0.5 wt % CeO2 additive had excellent corrosive wear resistance, while a less or excessive amount of CeO2 additive decreased the corrosive wear resistance of the coating. Although the effects of CeO2 on microstructure and wear resistance of ceramic particle-reinforced metal-based coatings have been widely investigated, studies about the effects of a CeO2 nanoparticles additive on the microstructure and wear performance of ceramic coatings prepared through the laser cladding process have been few.
Based on the above analysis, the work presented in this paper first focused on fabricating Tibased ceramic coatings on Ti6Al4V alloy substrates through the laser cladding process using a TiCN + SiO2 mixed powder as the pre-placed starting materials without or with a 3 wt % CeO2 nanoparticles additive. Moreover, the comprehensive influences of the CeO2 nanoparticles additive on the microstructure of the laser cladding coatings were investigated, and subsequent research focused on the wear behavior and wear mechanism of the coatings.
Materials and Methods

Materials Used and Laser Cladding Process
The substrates used in the laser cladding experiments were titanium alloy Ti6Al4V plates, which were cut into specimens with dimensions of 30 × 30 × 6 mm 3 by a wire electrical discharge machine tool. The surfaces of the substrates were ground by SiC grit paper (120#) and then cleaned ultrasonically in alcohol, acetone, and deionized water before the laser cladding experiments. The pre-placed powder for laser cladding contained TiCN (≥99.5% purity, particle size 10 μm) and SiO2 (≥99.5% purity, particle size 30 nm), and was with or without CeO2 (≥99.9% purity, particle size 50 nm). The ingredients of the pre-placed powder and the corresponding laser cladding coating names are listed in Table 1 . The powder mixture was mixed for 2 h at a rotational speed of 200 r/min in a horizontal ball miller. The mixed powder was pre-placed on the surfaces of the substrates with polyvinyl alcohol aqueous solution at a thickness of about 0.4 mm. Multitrack cladding coatings were prepared on a laser cladding system designed and assembled by ourselves, as presented in Figure 1 . The laser system was mainly made up of an RFL-C500 fiber laser (Wuhan Raycus Fiber Laser Technologies Co., Ltd., Wuhan, China) with a maximum power of 500 W and a BT-230 laser head (RayTools AG, Burgdorf, Switzerland) that integrated a lens with a diameter of 75 mm and a focal length of 250 mm. A fiber with a core radium of 25 μm and a laser head were joined by a QBH connector [14] . During the laser cladding process, a laser beam was irradiated on the surface of the pre-placed powder layer, and then the pre-placed powder and a thin layer of the substrate melted rapidly. Meanwhile, the specimen moved zigzag with the motion table, and a continuous cladding coating formed on the surface of the substrate. The sample was placed in a container that continuously transported argon to provide shielding for the melt pool during the laser cladding process. The selected parameters for the laser cladding experiments were the optimal process parameters obtained in our previous orthogonal process experiments, listed in Table 3 .
Test Methods of the Coating Characteristics
To obtain the microstructure of the coatings, the specimens were cut by a wire electrical discharge machine tool, ground with 240, 600, 1000, 2000, and 3000# SiC grit paper, then polished to prepare metallographic samples, and finally etched by HNO3 + HF + H2O solution (10 mL HNO3, 30 mL HF, and 90 mL H2O) for approximately 15 s. The microstructure of the coating was examined by a MIRA3 TESCAN scanning electron microscope coupled with energy-dispersive spectroscopy. The phase compositions of the coatings were identified by a Rigaku D/max 2500 X-ray diffractor (Bruker, Berne, Switzerland) using 60 kV, 40 mA, and Cu Kα radiation operated in a scanning range of 2θ from 20° to 80°. The microhardness (HV0.2) distributions along the depth direction of the coatings were measured by an automatic microhardness tester with a testing load of 200 g and dwelling time of 10 s. 
Wear Tests of the Coatings
The wear properties of the coatings without CeO2, the coating modified with CeO2 nanoparticles, and the Ti6Al4V substrate were tested on a ball-on-disk tribometer under a simulated body fluid (SBF) lubrication environment. The SBF (aseptic) was mainly composed of NaCl, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, Tris, NaHCO3, etc. After aseptic treatment, pH = 7.4. The schematic diagram of the wear tests is presented in Figure 2 . The counter-bodies used in the wear tests were tungstencobalt alloy grinding balls with a diameter of 5 mm. The experimental parameters of the wear tests are listed in Table 4 . The cross-section areas of the wear tracks were measured by a 3D noncontact surface mapping profiler. The wear volume loss was calculated by the following, equation (1):
( 1) where A (mm 2 ) is the average of the cross-section areas, and r (mm) is the radius of the wear track.
To investigate the wear mechanism of the coatings, worn morphology images of the coatings and substrate and morphology images of the wear debris were observed by a Phenom ProX scanning electron microscope (Phenom-World BV, Eindhoven, The Netherlands).
Results and Discussion
Phases and Microstructure of the Coatings
The XRD spectrum patterns of both the coating without CeO2 and the coating modified with CeO2 nanoparticles are respectively presented in Figure 3 . The XRD pattern of the coating without CeO2 was very similar to that of the coating modified with CeO2 nanoparticles. It can be seen in Figure  3 that the Ti-based ceramic coatings mainly consisted of TiCN, TiN, TiVC2, Ti6O, Ti3SiC2, and α-Ti phase. During the laser cladding process, the low-melting point SiO2 powder (1650 °C) was melted first and formed a liquid phase, which had a wetting effect on the unmelted TiCN powder. TiCN particles were dissolved into the melt pool under the effect of melt pool convection and melted subsequently. Meanwhile, elements such as Ti and V from the substrate entered into the melt pool due to the effect of dilution. It was also noted (Figure 3 ) that the diffraction peaks of SiO2 and TiC did not appear in the XRD spectrum patterns of the coatings. The main difference between the pattern of the coating without CeO2 and the pattern of the coating modified with CeO2 nanoparticles was that a diffraction peak related to Ce2O3 was observed in the XRD pattern. There existed some chemical reactions in the melt pool, which caused the formation of the various phases mentioned above. After the SiO2 powder melted, a part of TiCN was also decomposed into TiC and TiN under the irradiation of the laser beam, while another part of TiCN remained unreacted. The following equation (2) describes the reaction:
A part of SiO2 was gasified under the high temperature, and the rest of SiO2 reacted with TiC from TiCN in the melt pool. The following equation (3) describes the further reaction between SiO2 and TiC, as reported by Yang [27] :
Furthermore, as the 3 wt % CeO2 nanoparticles additive was added into the pre-placed materials, it was seen that some weak diffraction peaks of Ce2O3 appeared in the diffraction pattern, while the diffraction peak of CeO2 was undetectable. This was the result of the decomposition reaction of CeO2 under the high temperature. According to the report of Graciani [28] , the chemical reaction is described as follows:
The cross-section SEM images of a coating modified with CeO2 nanoparticles is shown in Figure  4 . It can be clearly observed from the figure that there was a good metallurgical bond between the coating and the substrate. The parameters in the figure were measured by Auto CAD 2014. The thickness of the coating was d = a + b ≈ 0.4 mm, the average penetration depth of the bead was b ≈ 0.13 mm, and the average height of the coating above the substrate was a ≈ 0.27 mm. Therefore, the dilution rate of the coating could be calculated from the following formula:
In order to study the microstructure evolution of different regions of the coatings, the coating was divided into three regions from top to bottom: The upper region, the middle region, and the bottom region. In order to understand the effect of the CeO2 nanoparticles additive on the microstructure of the coating, cross-section images of the upper, middle, and bottom regions of the coatings were observed by SEM, as presented in Figure 5 . It can be observed in this figure that the crystalline grain morphologies on the cross-section of the two coatings were of great difference. It can be seen in Figure  5a ,c and e that the grain morphologies in the upper, middle, and bottom regions of the coating without CeO2 were dendrites, and that the dendrites in the upper and middle regions were larger. In addition, some of the dendrites in the bottom region did not grow completely, so the dendrite distribution in the bottom region was sparser than that of the upper and middle regions. The microstructure images of the coating modified with CeO2 nanoparticles are presented in Figure 5b ,d and f. It could be known that the crystal grain size of the coatings modified with the CeO2 nanoparticles additive was smaller than that of the coatings without CeO2. The crystal grain morphology in the upper and middle regions of the coating modified with the CeO2 nanoparticles additive was homogeneous and compact granular crystal, which was beneficial to improve the microhardness and wear resistance of the coating [29] . The reason for the above phenomenon was that the CeO2 nanoparticles could modify and refine the microstructure of the coatings [30, 31] , because CeO2 as a surface-active material could reduce the critical nucleation radius and restrain the growth of crystal grains [32] . Therefore, compared Figure 5 To understand comprehensively the effects of the CeO2 nanoparticles additive on the coatings, the EDS results of the element compositions of typical crystal grains in the coating are shown in Figure 6 . The EDS results showed that the element compositions of grains in the coating without CeO2 and the coating modified with CeO2 nanoparticles were similar, and the two types of crystal grains were mainly composed of Ti, C, and N elements. Moreover, the intensity of the diffraction peaks of each element in the patterns of the two kinds of coatings were also similar. Therefore, the CeO2 nanoparticles additive did not change the element compositions of the crystal grain in the coating, but changed the crystal grain morphology and refined the microstructure of the coating. 
Microhardness and Wear Resistance of the Coatings
The profiles of the microhardness distribution along the depth direction from the coating top surface to the substrate are plotted in Figure 7 . It can be observed in the figure that the microhardness distribution profiles could be divided into three zones: A coating zone, transition zone, and substrate zone, and the two kinds of coatings had similar microhardness distributions. Microhardness decreased gradually with an increase in the distance from the top surface, and the coating zone exhibited much higher microhardness compared to the substrate zone. The average microhardness of the coating without CeO2 was approximately 1050HV0.2, which was three times that of the substrate (about 340 HV0.2). The enhancement of microhardness was mainly due to the solid solution strengthening of the TiN and TiCN [33] . TiN and TiCN are interstitial compounds, and the N and C atoms in the solid solution could cause lattice distortion [34] , which increased the resistance of the dislocation movement and prevented lattice slip. It can also be observed in Figure 6 that the microhardness of the coating modified with CeO2 nanoparticles was obviously higher than that of the coating without CeO2. The average microhardness of the coating modified with CeO2 nanoparticles was about 1230 HV0.2. The (important) reason was that the CeO2 nanoparticles additive played the role of fine-grain strengthening and dispersion strengthening, making the crystal grain in the coating more uniform and compact. According to the report of Jang [35] , finer crystalline grain is conducive to enhancement of toughness and strength. Therefore, the microhardness of the coating modified with CeO2 nanoparticles was more improved.
The results of wear volume loss of the Ti6Al4V substrate, the coatings without CeO2, and the coatings modified with CeO2 nanoparticles at different wear times are respectively plotted in Figure  8 . It can be observed in Figure 8 that the wear volume loss of the substrate was significantly larger than that of the coatings at the same wear time. At 90 min of wear time, the wear volume loss of the substrate was 38.1 times and 44.5 times that of the coating without CeO2 and the coating modified with CeO2 nanoparticles, respectively. In other words, the wear volume loss of the ceramic coatings was about 2.2% of the wear volume loss of the substrate after a 90-min wear test, which indicated that the wear resistance of the Ti-based ceramic coatings was significantly superior to the substrate. It is also seen in Figure 8 that the wear volume loss of the coating modified with CeO2 was approximately 14% less than that of the coating without CeO2 under an SBF lubrication environment, which indicated that the CeO2 nanoparticles additive could, to some extent, improve the wear resistance of the coatings. According to Section 3.1 and Figure 5 , the heterogeneous nucleation effect of CeO2 nanoparticles increased the amount of nucleation, which was conducive to refining and compacting the crystal grains in the coatings. Furthermore, in order to equilibrate the energy of (a) (b) distortion, CeO2 nanoparticles easily converged toward grain boundaries, which could restrain the growth of the grains, and played a key role in strengthening and purifying the grain boundaries [36, 37] . As a consequence, the wear resistance of the coating modified with CeO2 nanoparticles was further enhanced compared to the coatings without CeO2. 
Wear Behaviors of the Coatings
In order to understand the wear mechanisms of the coatings in the SBF environment, they were analyzed in detail from three aspects: The worn surface morphology of the coatings, the wear debris morphology, and the worn surface morphology of the counter-body balls.
Typical microscopic morphology images of the worn surface of the coatings at 30, 60, and 90 min wear times were respectively observed by SEM, as shown in Figure 9 , and the worn surfaces of the Ti6Al4V substrate are also shown in Figure 8 as a control group. All samples were cleaned ultrasonically in alcohol and deionized water before being observed by SEM. It is known from this figure that the worn surface of the specimens became coarser with an increase in the wear time, and the worn degrees of the coatings were significantly slighter than those of the Ti6Al4V substrate. Moreover, it was also seen that the worn surfaces of the substrate and the coatings exhibited various worn characteristics. There were a lot of deep grooves and plastic deformation on the worn surface of the Ti6Al4V substrate. During the sliding wear test, the hard and sharp asperities on the counterbody penetrated easily into the surface of the Ti6Al4V substrate because of low hardness, and formed a micro-cutting effect or induced plastic deformation on the surface, which indicated that the wear process of the Ti6Al4V substrate was governed by a micro-cutting mechanism [38] . In contrast, the worn surfaces of the coatings were relatively smooth compared to the worn surface of the Ti6Al4V substrate. There were only some shallow and narrow grooves on the worn surface of the coatings, and no plastic deformation on the worn surface, which indicated that the coatings with a high microhardness characteristic could exhibit excellent resistance to micro-cutting and plastic deformation. Therefore, the asperities on the counter-body hardly penetrated into the surface of the coatings, and only some slight grooves on the worn surface of the coatings formed (called abrasive wear), whereas there were a large number of spalling pits with different sizes on the worn surface of the coating without CeO2 when the wear time increased to 90 min, as shown in Figure 9f . The spalling pit was caused by peeling of the chips from the coating surface due to microcracks on the worn surface under the effect of the alternating contact stress produced by the counter-body ball (called fatigue wear). In contrast, the additive of CeO2 nanoparticles obviously changed the worn surface morphology characteristics, as shown in Figure 9g ,h and i, as the worn surface of the coatings modified with CeO2 nanoparticles was relatively smooth with only some fine grooves (called abrasive wear), and no spalling pits were found on the worn surface of the coatings, which was attributed to the CeO2 nanoparticles additive that refined the grain. According to the classic formula of Hall-Petch, the finer the grain, the more grain boundaries there are, and the higher the strength and toughness of the material [39] . Therefore, the coatings modified with CeO2 nanoparticles had better resistance to fatigue wear. The morphology images of wear debris from the substrate and coatings observed by SEM are shown in Figure 10 to confirm the above speculation of wear mechanisms. It is seen in Figure 10 that the sizes of the three types of wear debris were different. Among them, the average size of wear debris from the substrate was largest, which revealed that the substrate suffered from severe wear. The average size of the wear debris from the coatings was smaller than that of the substrate, and the average size of the wear debris from the coatings modified with CeO2 nanoparticles was the smallest. It is also known from Figure 10 that the morphology characteristics of the three types of wear debris were different. The morphology of the wear debris from the Ti6Al4V substrate was plate-like. It could be deduced that it was formed by asperities on the counter-body micro-cutting the surface of the Ti6Al4V substrate, as shown in Figure 10a . In contrast, the morphology of the wear debris from the coating without CeO2 was granular, which was greatly different from that of the Ti6Al4V substrate. It could be speculated that the granular wear debris was mainly produced by the fatigue wear on the coating surface, whereas the morphology of the wear debris from the coating modified with CeO2 nanoparticles was flake-like. It could be inferred that the worn surface of the coatings modified with CeO2 nanoparticles mainly was formed by abrasive wear, which was attributed to the enhancement of the microhardness and toughness of the coatings modified with CeO2 nanoparticles. To investigate more comprehensively the wear mechanisms of the coatings, typical surface morphology images of the counter-body balls against the Ti6Al4V substrate and the coating modified with CeO2 nanoparticles are presented in Figure 11 . Because the worn surface image of the counterbody ball against the coating without CeO2 was similar to that of the counter-body ball against the coatings modified with CeO2 nanoparticles, it is not shown in this paper. It can be seen in Figure 11 that the surfaces of the two types of counter-body balls were attached by some materials that did not belong to the counter-body itself. It could be inferred that both the substrate and coating surfaces transferred some material to the counter-body surface in the wear test. Therefore, the worn surface of the substrate and coatings suffered adhesive wear behavior. It could be obviously found (Figure 11 ) that the EDS results for the material adhered onto the surfaces of the two counter-body balls were greatly different. W and Co elements were from the counter-body itself, while Ti, Al, and V elements were also detected on the material adhered onto the surface of the counter-body ball against the Ti6Al4V substrate, as shown in Figure 11a . It could be inferred that the materials on the surface of the counter-body ball transferred from the Ti6Al4V substrate during the wear process, whereas it can be observed in Figure 11b that the material adhered onto the surface of the counter-body ball against the coating contained not only Ti and N elements from the coatings, but also contained a large number of Ca, P, and Cl elements from SBF. It was supposed that the surface of the coating may generate some substances under the wear environment of SBF, and a part of the substance was transferred from the surface of the coating to the counterbody ball due to adhesive wear. Rynio et al. [40] have reported on the wear behavior of an Ni-based pin on a cast iron disc at 25 and 300 °C. It was found that the wear oxidation behavior on the surface of a material formed protective oxide layers, referred to as a glaze layer, which formed at ambient temperatures but showed bad adherence to the substrate and easily spalled off. According to the report of Anandkumar [41] , there was a tribolayer formed on the worn surface of a coating during dry sliding wear tests due to the interaction between the coating and the counter-body, which contained a large proportion of oxides of the elements both of the coating and the counter-body. The wear tests in this work were carried out in an SBF environment, and therefore it could be supposed that a material similar to the tribolayer formed probably on the surface of the coating during the wear process. To identify the above speculation, the wear tracks on the coatings were observed by SEM. In order to retain the worn characteristics on the wear track surface of the coating, only deionized water was used to clean the surface of the samples before being observed by SEM. It is seen in Figure 12 that there was a quasicontinuous layer, namely a tribolayer, which unevenly covered some areas of the wear track surface of the coatings. What was the formation mechanism of the tribolayer and the effect of the tribolayer on the wear mechanism of the coating? To be aware of the formation mechanism of the tribolayer, EDS analysis was carried out on the tribolayer. The scanning line passed successively through the three zones: The tribolayer zone, the worn surface of the coating uncovered by the tribolayer, and the tribolayer zone, and the scanning results are shown in Figure 13 . It could be found that the elements in the area without a tribolayer cover were mainly Ti and N elements, which was consistent with coating elements. The tribolayer zones were rich in elements such as Ca and P elements, which were the elements from the SBF. In addition, tribolayer zones also contained W, Co, Ti, and N elements, which were from the counterbody ball and coating. Therefore, the tribolayer did not belong to the coating itself, which was a mixture of the wear debris from the coating, the wear debris from the counter-body, and SBF. Possible explanations for the formation mechanism of the tribolayer are (1) a part of the wear debris accumulated on some areas of the surface of the wear track under the constant squeezing action of the counter-body ball, and (2) the wear debris mixed with the SBF adhered and boned to the worn coating surface and became a tribolayer, as shown in Figure 12 . The possible influence of the tribolayer on the wear mechanisms of the coating could be explained by the failure mechanism of the tribolayer. It is observed in Figure 14 that there were two typical defect features related to the failure mechanism: Cracks and craters. Cracks formed on some areas of the tribolayer due to the contact stress produced by the counter-body ball, and the cracks propagated along the interface between the tribolayer and the worn surface of the coating [48] , which eventually led to delamination damage and formed craters on the tribolayer. Thereafter, the worn surface zone of the coating previously covered by the tribolayer was exposed again and continued to be worn. In addition, the tribolayer continuously generated on the area where the wear debris accumulated on the wear track surface of the coating, which was a dynamic procedure. The area of the wear track covered by the tribolayer was protected from wear in the subsequent wear process. In view of the analysis of Figure 11b and Figure 13 , the material adhered onto the counter-body ball against the coating was mostly tribolayer material. Therefore, it could be known that the tribolayer suffered most of the adhesive wear, so the tribolayer could reduce wear to some extent. In this subsection, the wear mechanisms of the coatings were analyzed from three aspects: The worn surface morphology of the coatings, the wear debris morphology, and the worn surface morphology of the counter-body balls. It could be comprehensively obtained that the wear mechanisms of the coatings without CeO2 included abrasive wear, adhesive wear, and fatigue wear, and the wear mechanisms of the coatings modified with CeO2 nanoparticles included abrasive wear and adhesive wear. Fatigue wear did not occur on the worn surface of the coatings modified with CeO2 nanoparticles, which was attributed to the CeO2 nanoparticles additive enhancing the toughness of the coating. Hence, the effects of CeO2 nanoparticles on the mechanical properties of the coatings were evident: The coatings modified with CeO2 nanoparticles had higher microhardness, lower wear volume loss, and better wear performance compared to the coatings without CeO2.
Conclusions
1. Ti-based ceramic coatings on Ti6Al4V substrates were fabricated by laser cladding using TiCN + SiO2 mixed powder with or without adding CeO2 nanoparticles. The composites of the coatings mainly included TiCN, TiN, Ti6O, Ti3SiC2, and α-Ti phase. 2. The coatings modified with CeO2 nanoparticles exhibited a better quality of microstructure. The crystalline grain morphology of the upper and middle regions of the coatings without CeO2 was dendrites, while the crystalline grain morphology of the coatings modified with CeO2 nanoparticles was granulated. Moreover, the crystalline grains of the coatings modified with CeO2 nanoparticles were smaller and more compact due to the grain refining effect of the CeO2 nanoparticles. 
